Introduction
Heterotrophic prokaryotes (Bacteria and Archaea, hereafter bacteria) are at the centre of the balance between mineralised and exported carbon in pelagic ecosystems (Azam et al., 1983) ; either catabolising it into CO 2 to obtain energy (bacterial respiration, BR) or using it for anabolism; that is, building new bacterial biomass (bacterial production, BP). The prevalence of these two processes, expressed as growth efficiency, largely determines the fate of organic carbon channelled through the microbial food web. Estimating rates of biogeochemical cycles, among which are the carbon fluxes Published by Copernicus Publications on behalf of the European Geosciences Union.
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mediated by bacteria, is a major challenge, and of particular importance in the Arctic Ocean in view of assessing its sensitivity to climate change effects (Bates et al., 2011) . In high latitude ecosystems such as the Arctic, bacteria are exposed to persistently low temperatures and extreme seasonal changes in environmental parameters such as irradiance or nutrient availability (Hollibaugh et al., 2007) . Despite their low temperatures, polar ecosystems support a highly productive ice-free season (Garneau et al., 2008) , and bacterial activity has been found to be as high as in lower latitudes (Wheeler et al., 1996) . However, previous studies suggest low efficiency of the microbial loop in polar ecosystems, shown by low bacterial production to primary production ratios and low bacterial growth rates (Kirchman et al., 2009b) . Although temperature can partly account for this limitation, the low availability of substrate (Kirchman et al., 2009b) or the combination of these two (Pomeroy and Wiebe, 2001) appear to be the key factors driving bacterioplankton activity and, hence, fluxes of carbon through them.
Major changes in the Arctic Ocean are occurring due to increasing temperatures, the retreat and thinning of multiyear ice (Perovich, 2011) and the increase of river runoff and associated terrestrial organic matter due to permafrost melting (Peterson et al., 2002; Lalande et al., 2009 ). Specifically in the Beaufort Sea, ice melting and the influence of the Mackenzie River discharge enhance the formation of a strong upper pycnocline that prevents the exchange of nutrients with deeper water masses (McLaughlin et al., 2011) . If this pycnocline becomes stronger due to an increase in ice melt and river inputs, a decrease in primary production due to nutrient limitation is predicted (Comeau et al., 2011) . On the other hand, the increase in annual river discharge and permafrost melting will provide alternative sources of organic substrates for bacteria. Although some studies indicate that much of this organic matter is refractory to bacterial utilisation (Meon and Amon, 2004) , river inputs can partly sustain bacterial metabolism in the area (Garneau et al., 2006; Vallières et al., 2008) . Changes on these processes will ultimately affect the magnitude and quality of substrates available to bacteria and will influence patterns of net autotrophy vs. heterotrophy in the Beaufort Sea.
Owing to the expected changes in the Arctic ecosystem due to global warming, a reliable estimation of all the processes governing carbon fluxes in the area becomes a priority. In this sense, the magnitude and variability of organic carbon channelled through bacterioplankton via production or respiration is one of the central questions. In this paper, we investigated bacterial abundance and activity proxies, presenting simultaneous measurements of bacterial abundance, high nucleic acid and low nucleic acid bacteria discrimination, BP and BR in the coastal Beaufort Sea during summer. These data allow us to compare bacterial carbon utilisation with carbon standing stocks and primary production in the area, and to explore the environmental drivers of bacterioplankton activity combining regression analyses of in situ data and experimental approaches.
Material and methods

Study sites and sampling
The sampling stations were distributed along 7 transects (named 100 to 700 from East to West). The station number belonging to each transect was increasing from North to South, hence, from offshore waters to coastal waters in the Mackenzie River plume. For instance, the transect 600 started offshore with station number 610 (70.795 • N, 220.397 • W) and ended with station number 697 in the Mackenzie River mouth (Fig. 1) . Sampling was carried out from 30 July to 27 August 2009 onboard the research icebreaker CCGS Amundsen in the framework of the MA-LINA project. Water samples were collected using a SBE Carousel with 20 12-l PVC bottles (Ocean Test Equipment) and equipped with a SBE911-plus CTD profiler. The sampling strategy was continuously adapted to account for ice distribution and the position of the river plume. CTD vertical profiles were generally recorded from surface down to 200 m, and samples were collected at 6 depths between surface and right below the deep chlorophyll maximum. A zodiac was used to sample shallow waters (< 20 m) along two transects located in the two main effluents of the Mackenzie River. Seawater was collected manually at the surface (0.5 to 1 m) using 5 l clean carboys.
Biological analyses
Bacterial abundance and biomass
Bacterial cells (BA) were counted onboard by flow cytometry using a FACS ARIA (Becton Dickinson, San Jose, CA) equipped with 488 nm and 633 nm lasers and the standard filters setup. Samples were fixed with glutaraldehyde 0.25 % (final concentration) and then stored at −80 • C. SYBR Green-I was added at a final dilution of 1 / 10000 and samples were incubated in the dark for 15 min before analysis of about 100 µl in the presence of 0.95 µm fluorescent beads (Polysciences). Bacteria were detected on a plot of green fluorescence (515-545 nm) versus right angle light scatter (SSC), using the green fluorescence as threshold parameter. High Nucleic Acid (HNA) and low Nucleic Acid (LNA) bacteria were discriminated according to their green fluorescence and counted separately. The discrimination between HNA and LNA cells has been attributed to different phylogenetic compositions or used as a proxy for active and non-active components of the bacterial community (Gasol et al., 1999) . To convert BA to bacterial biomass, we first determined the mean bacterial biovolume on 75 samples stained with 2.5 µg l −1 of 4 -6 -diamidino-2-phenylindole (DAPI) and using epifluorescence microscoscope (AX70, Olympus Provis) with semi-automated image analysis (Cottrell and Kirchman, 2003) . The factor of 380 fg C µm −3 was then used to convert biovolume in biomass (Lee and Fuhrman, 1987) . The mean estimated biovolume was 0.04±0.009 µm 3 , which lead to a cell to carbon conversion factor of 15.2 fg C cell −1 that was used to calculate the average bacterial biomass.
Bacterial production
BP was measured by 3 H-leucine incorporation (Kirchman, 1993) as modified by Smith and Azam (1992) . Samples (1.5 ml in triplicate) were added to sterile microcentrifuge tubes (Eppendorf, 2 ml), containing 10-20 nM [4, H]-leucine (specific activity 139 Ci mmol −1 , Amersham). The final concentration of 3 H-leucine was determined to be saturating in preliminary experiments (data not shown). Samples were incubated for 2 h in the dark at in situ temperatures. One killed control was prepared for each assay by addition of trichloroacetic acid (TCA) at 5 % final concentration, 15 min before the addition of leucine. Incorporations were terminated by adding TCA (5 % final concentration). Samples were stored for at least 1 h at 4 • C, processed using the centrifuge method of Smith and Azam (1992) , and radioactivity determined by liquid scintillation counting. Leucine incorporation rates were converted into carbon production using the conversion factor of 1.5 kg C produced per mole of leucine incorporated (Kirchman et al., 2009a) and considering no isotope dilution.
Community and bacterial respiration
Total community (TCR) and free-living bacterial respiration (BR) were determined on whole water and samples filtered by gravity on 1-µm filter capsule (Polycap TC, Whatman), respectively. Samples were dispensed into ten to twelve 60 ml calibrated biological oxygen demand (BOD) bottles. The BOD bottles were allowed to overflow ∼ 3 times the volume of the bottle, ensuring that no bubbles remained in the bottles and capped free of headspace with ground glass stoppers. The BOD bottles were incubated in the dark at in situ temperature in a water bath to prevent gas exchange. At time zero, 5-6 BOD bottles were fixed with Winkler reagents for the determination of dissolved oxygen (DO) concentration. Community and bacterial respiration rates were determined by following the decrease in DO in 5-6 BOD bottles after 72 to 120 h taking intermediate time points at some cases. In all these the O 2 consumption vs. time relationship was found to be linear. O 2 concentrations were measured via an automated titration procedure using a Mettler DL22 equipped with a potentiometric electrode (Carrignan et al., 1998) . Only significant (p < 0.05) decreases in O 2 are reported, which represented 13 out of 19 respiration experiments (detection limit of the technique < 1 µM). TCR and BR were expressed in mg C m −3 d −1 using a respiratory quotient of 1 (del Giorgio and Cole, 1998) .
Bacterial carbon demand (BCD, mg C m −3 d −1 ) was calculated as the sum of BP and TCR. Bacterial growth efficiency (BGE, %) was calculated from BGE = BP / (BP + TCR). BGE and BCD were calculated using total community respiration measurements assuming that a substantial portion of bacterial respiration is due to particle-attached bacteria (i.e., bacteria retained by the 1 µm filter).
Primary production
At each productivity station, rates of carbon fixation (primary production, PP) were determined using a 13 C isotopic technique (Raimbault and Garcia, 2008) . For this purpose, three 580-ml samples were collected at minimum sun elevation or before sunrise at 6-7 depths between the surface and the depth where irradiance was 0.3 % of the surface value and poured into acid-cleaned polycarbonate flasks. Bottles were rinsed after use with 10 % HCl, then with distilled water from a Milli-Q ion exchange unit. A 2.4 % solution of NaH 13 CO 3 (99.9 atom % 13 C, EURISOTOP) tracer was added to all flasks (0.5 ml into 580 ml of water) inducing a 13 C enrichment of around 10 %. Incubations were carried out immediately following tracer addition in an on-deck incubator. This consisted of 6-7 opaque boxes, each with associated neutral and blue screens, allowing around 50 %, 25 %, 15 %, 8 %, 4 %, 1 % and 0.3 % light penetration. At 5 stations, incubations were also performed in situ on a drifting rig with incubation bottled positioned at the same depth where samples for on-deck incubations were collected. After 24 h, samples were filtered through precombusted (450 • C) Whatman GF/F filters (25-mm diameter, nominal porosity ≈ 0.7 µm) using a low vacuum pressure (< 100 mm H g). After filtration, filters were placed into 2-ml glass tubes, dried for 24 h in a 60 • C oven and stored dry until laboratory analysis. These filters were used to determine the final 13 C enrichment ratio in the particulate organic matter on an Integra-CN mass spectrometer calibrated using glycine references for every batch of 10-15 samples. 
Chlorophyll a, chemical and optical analyses
Concentrations of chlorophyll a (Chl a) were determined using the fluorometric method described by Parsons et al. (1984) . Samples were filtered onto Whatman GF/F filters and extracted with 90 % acetone for 18 h at 4 • C in the dark. The fluorescence was measured before and after acidification with a Turner Designs Model 10-AU fluorometer. Dissolved organic carbon (DOC) was measured using the high-temperature combustion method in a Shimadzu TOC-V (Davis and Benner, 2005) . Filtered water samples were stored frozen until analysis in the laboratory. Total dissolved amino acids (TDAA) were measured as o-phthaldialdehyde (OPA) derivatives using an Agilent 1100 high performance liquid chromatography system with a fluorescence detector (Davis and Benner, 2005) .
The detailed methodology to determine light absorption coefficient of CDOM (a CDOM (λ), m −1 ) is described in Matsuoka et al. (2012) . Briefly, 250-ml aliquots from the seawater samples collected with the Rosette sampler or from the Zodiac were poured in clean glass-bottles and kept in the cold and the dark until analysis onboard the ship. Aliquots were then filtered with 0.2 µm GHP filters (Acrodisc Inc.) to determine light absorption by CDOM using a liquid-waveguide spectrophotometer (UltraPath, World Precision Instruments Inc.). A 2-m optical pathlength was used for almost all samples, except for coastal waters at the Mackenzie River mouth where a 0.1 m optical pathlength was used. The absorption coefficients of CDOM, a CDOM (λ) (in m −1 ) was obtained from 250 to 750 nm with 1-nm increments.
Influence of Mackenzie River water on bacterial production
To assess the impact of dissolved organic and inorganic nutrients from the Mackenzie River on marine BP, we performed and enrichment experiment using waters from the offshore station 345, 71.33 • N, 132.55 • W, bottom depth 580 m), both from surface and the depth of the chlorophyll maximum (60 m). We added water filtered by gravity through a 0.2-µm filter capsule (Polycap AS, Whatman) from the Mackenzie River (station 694, 62.20 • N, 137.19 • W) on whole seawater (10 % inoculum, 250 ml total volume) in triplicate and incubated in the dark at 4 • C for 48 h, measuring BP at the end of the incubations. Controls were done with adding 10 % of 0.2-µm filtered water from the same location.
Statistical analyses
We tested for any significant differences on bacterial metrics among the different water masses using non-parametric Kolmogorov-Smirnoff tests. To explore the main drivers of bacterial activity in the area, linear regressions were performed on log 10 -transformed data. When more than one significant regressor was found, partial coefficients were calculated after multiple regression analyses.
Results
Environmental data
The Beaufort Sea margin during MALINA cruise was characterised by well-developed temperature and salinity stratification, with mixed layers ranging from 4 to 20 m. For a better description of bacterial metrics, we considered four subgroups of samples according to different water masses: (1) those from the Mackenzie River plume collected along the river transects (mean temperature 7.4 • C, salinity ranging from 0 to 27 ‰, mean 16.8 ‰), (2) those from the upper mixed layer above the pycnocline (generally above 30 m, mean temperature 1.5 • C, mean salinity 27.8 ‰), (3) those from below the upper mixed layer down to 100 m corresponding to Pacific Summer Water (mean temperature −1.1 • C, mean salinity 31.6 ‰) and (4) those from below 100 m corresponding to Pacific Winter Water (mean temperature −1.4 • C, mean salinity 32.9 ‰, see Matsuoka et al., 2012) .
Distribution of bacterial parameters
In Table 1 , we provide the average and range of bacterial metrics measured during the study. BP varied over 3 orders of magnitude, from 8.8 to 7078 µg C m −3 d −1 , (mean value 897.1 ± 1364 µg C m −3 d −1 ), while BA only varied within less than 2 orders of magnitude (from 0.83 to 16.2 × 10 5 cell ml −1 ). The percentage of high nucleic acid cells was also highly variable, ranging from 28 to 81 % (Table 1). Growth rates (d −1 ), that is, bacterial production (µg C m −3 d −1 ) divided by bacterial biomass (µg C m −3 ), averaged 0.08 d −1 and ranged from 0.01 to 0.54 d −1 .
BP was positively related to total bacterial abundance (R 2 = 0.69, p < 0.001, n = 145). The regression equation was [Log 10 (BA)] = −9.9 + 2.21 [Log 10 (BP)]. However, no significant relationship was found between BP and the percentage of HNA cells (R 2 = 0.02, p > 0.05). Similarly, the slopes of the BP-BA and BP-HNA regressions were not significantly different (data not shown).
Biogeosciences, 9, 3679-3692, 2012 www.biogeosciences.net/9/3679/2012/ Table 1 . Averages (± standard deviation) and ranges of bacterial production (BP), abundance (BA), percentage of high nucleic acid bacteria (HNA), growth rates and bacterial production to primary production ratios (BP : PP) considering all data, Mackenzie River waters, marine waters within the upper mixed layer, marine waters from below the upper mixed layer to 100 m, and deep waters below 100 m. Integrated BP over the photic layer averaged 25.4 ± 19.1 mg C m −2 d −1 and was significantly higher (p < 0.01) at coastal (e.g., less than 200 m bottom depth) than at offshore stations. Integrated BA averaged 21 × 10 9 cells m −2 . In contrast to BP, there was no significant difference between coastal and offshore stations.
BP and BA in volumetric values showed similar geographic variability patterns, going from highest values in the vicinity of the river plume, to lowest values in the deepest offshore stations (Fig. 2a and c) . This was confirmed by negative correlations between BP and station bottom depth (R 2 = 0.57, p < 0.001, n = 173), and BA and bottom depth (R 2 = 0.32, p < 0.001, n = 145). Conversely, % HNA did not show any significant trend with station bottom depth (Fig. 2e) .
Looking at vertical profiles, BP exhibited highest values in surface samples in 22 out of 27 stations. BA also had generally highest values at the surface in 18 out of 24 measured stations. This was confirmed by significantly higher values of BP and BA in river stations and the upper mixed layer than in deeper waters (p < 0.001). Nevertheless, there were exceptional stations with high BA at the bottom (e.g., coastal stations 380 and 390, in the slope between the river and the sea (Fig. 2d) . In contrast to BP and total BA, % HNA was significantly lower in river stations and the upper mixed layer than in deeper waters (Table 1, p < 0.001). Maxima of % HNA cells (69 and 81 %) were observed in samples at the bottom of stations 360 and 380, corresponding to the continental slope (Fig. 2f) . Although this matched relatively high BA, it did not coincide with increases in BP (Fig. 2b) . Figure 3 shows some examples of vertical profiles in contrasting coastal and offshore locations. Interestingly, surface maxima of BP and BA were not coincident with vertical profiles of Chl a, whose maxima were situated between 29 (coastal station # 690) and 70 m (offshore stations # 540 and # 760). Aside from those surface maxima, we observed a second peak in BP and, particularly, in BA, coinciding with Chl a maxima, in 7 out of 24 stations (Fig. 3a, d and f) .
BP to PP ratios, indicative of the efficiency of carbon uptake by bacteria, averaged 0.81 ± 1.25 and ranged from 0.01 to 9.21, with the BP : PP ratios significantly lower (p < 0.001) in the Mackenzie River stations (mean 0.14) than in marine stations (mean 0.89 in the polar mixed layer and 0.80 in deeper waters, Table 1 ).
Total community respiration (TCR) ranged from 5.5 to 45.5 mg C m −3 d −1 , while free-living bacterial respiration (BR) ranged from 4.1 to 33.8 mg C m −3 d −1 (Table 2 ). The mean contribution of free-living bacteria (fraction < 1 µm) to TCR was 70.6 % with the exception of one datapoint, where BR exceeded TCR. Differences in TCR and BR patterns were not explained by either changes in BP or BA, nor geographical of physico-chemical variability. Using the measured TCR as an estimator of BR, the average bacterial growth efficiency (BGE) was 7.7±7.5 % (Table 2) . BGE was significantly (p < 0.05) higher in coastal stations (mean 13.7 %) than in offshore stations (mean 1.6 %). Bacterial carbon demand (BCD), as the sum of BP and BR (using TCR as a proxy of BR), averaged 21.49 ± 14.9 mg C m −3 , considering those stations where respiration was directly measured. We compared these values with PP at the same stations by calculating BCD : PP ratios. Values of BCD : PP lower than 1 indicates autotrophy, that is, more carbon fixed by photosynthesis than demanded by bacteria, and higher than 1 indicates heterotrophy or higher carbon demand than fixed carbon. These values ranged from 10.8 to 39, meaning that BCD exceeded PP rates measured in situ in all stations with coincident measurements. To extrapolate this over the whole sampling grid, we used the average BGE (7.7 %) to calculate BCD in all stations where BP was measured and compared BCD to PP using integrated values over the euphotic layer.
www.biogeosciences.net/9/3679/2012/ Biogeosciences, 9, 3679-3692, 2012 We observed that BCD was on average 10 times higher than PP, but ranged from 0.08 to 50. BCD : PP was higher than 1 in all stations except the most riverine ones, and there was a tendency to lower BCD : PP ratios in offshore locations, that increased towards the coast (Fig. 4) . This trend was inverted in the Mackenzie River mouth (temperature higher than 8 • C, salinity below 18 ‰), where values below 1 were observed (Fig. 4) .
Driving factors of bacterial production in the area
To explore the potential driving factors of BP in the area, we tested linear regressions using a broad set of physical (temperature, salinity), chemical (dissolved organic matter, inorganic nutrients) and biological (Chl a concentration, PP) properties as independent variables and BP as dependent variable. We observed significant and positive relationships (Table 3) . These relationships varied when separating the analyses among the different water masses. The relationship with temperature was characterised by similar slopes in Mackenzie River and upper mixed layer samples and a significantly steeper slope in samples below the upper mixed layer (Table 3 , Fig. 5a ). On the other hand, the DOC-BP relationship depicted a saturation curve; that is, showed a higher slope when considering waters below the upper layer than in the mixed layer and Mackenzie River waters (Fig. 5b ). This pattern, although less marked, was observed with the TDAA-BP and a 440 -BP relationships (Table 3 , Fig. 5c and d) . Finally the BP-Chl a and BP-PP plots showed higher slopes in the upper layer than below it ( Fig. 5e and f) and illustrated that highest BP values did not correspond to highest Chl a concentrations (Fig. 5e ). Because we found more than one factor to explain BP variability, we calculated partial coefficients using forward stepwise multiple regression analyses using a combination of temperature, DOC, TDAA, CDOM, Chl a and PP as independent variables. The results pointed to temperature (partial coef. = 0.55, p < 0.01) and TDAA (partial coef. = 0.46, p < 0.05) as significant factors driving BP in marine waters. The same observations were made using bacterial growth rate rather than BP (data not shown).
Effect of riverine water addition on bacterial production
The addition of 0.2-µm filtered water from the Mackenzie River led to contrasting effects on BP. In the enrichment experiment performed with surface waters, BP was ns: not significant ***: p < 0.0001, **: p < 0.01, *: p < 0.05 BCD:PP significantly (p < 0.05) higher when enriched with Mackenzie River water, with a BP enhancement of 43 % (Fig. 6 ). By contrast, no significant effect of Mackenzie River water was observed in the experiment performed with Chl a max waters.
Discussion
Patterns of bacterial abundances and production
Bacterial production and abundance in the Beaufort Sea margin during the MALINA cruise were within the broad range of those previously reported in the same and other areas of the Western Arctic Ocean (Table 4 ). The observed vertical distributions of BP and BA reveal a pattern with maxima near the surface, which coincided with maxima of PP, but not with vertical maxima in Chl-a concentration. These surface maxima, added to the increasing trend in BA and BP from the sea towards the river, suggest the influence of the Mackenzie River controlling PP and bacterial activity in the system. Growth rates were consistent with previous works in the Western Arctic (Table 4) attributed to the low temperatures and low labile substrate supply. However, the BP to PP ratios were relatively high and indeed higher than those reported by (Kirchman et al., 2009b) who discuss low BP to PP ratios in the Arctic. In our study, where oligotrophic conditions prevailed and low PP values were observed, bacteria incorporated a substantial amount (81 %) of fixed carbon.
The absence of a correlation between the proportion of HNA cells (% HNA) and bacterial production or growth rates suggests that HNA cells were not the most active population in the area, contrary to observations reported during a seasonal study in the Beaufort Sea (Belzile et al., 2008) . In the Southern Ocean, Ortega-Retuerta et al. (2008) , in line with our finding, observed that LNA cells were more closely related to BP than HNA cells. In the present study, HNA and LNA subpopulations were likely governed by different forcings. % HNA was higher in deep waters than in the upper mixed layer, and particularly in waters below 100 m (Table 1), which corresponded to Pacific Winter Water. It has been recently demonstrated in different oceanic regions that HNA and LNA populations corresponded to different bacterial species (Schattenhofer et al., 2011; Vila-Costa et al., 2012) . This suggests that bacterial populations with different cytometric signatures likely corresponded to different communities with intrinsic metabolic properties, which were distributed along with water masses .
Bacterial respiration and net heterotrophy vs. autotrophy
In contrast to BA and BP measurements, fewer data on bacterial respiration have been reported in the Arctic Ocean. The ones presented here are consistent with previous works (Table 5). Based on our respiration analyses, a mean 70.6 % of community respiration was attributable to free-living www.biogeosciences.net/9/3679/2012/ Biogeosciences, 9, 3679-3692, 2012 and Amon, 2004) (Table 5 ). However, different analytical methods would lead to higher BGE values. For instance, these authors used a higher leucine to C conversion factor (2.3 kg C mol −1 vs. the 1.5 kg C mol −1 used in our study) and BR was determined only in the fraction of less than 0.8 µm instead of whole seawater. Substrate quality has been postulated as controlling factors of BGE and is in accordance with our results, as BGE was higher in coastal stations where TDAA concentrations were higher. Our comparisons between BCD and PP demonstrated that during our study the coastal Beaufort Sea was net heterotrophic, while the stations located in the Mackenzie River mouth where net autotrophic (Fig. 4) . This last observation suggests that the excess carbon fixed by PP in the river plume was likely transported downstream and used in the coastal Beaufort Sea, where the highest BCD to PP ratios are observed (Fig.4) . We cannot exclude that dissolved primary production, not measured in this study, contributed partially to the BCD. Although there are no published data on phytoplankton extracellular carbon release in the Beaufort Sea margin, previous studies in the Arctic have reported values from less than 3 % (Müller-Niklas and Herndl, 1996) up to 65 % (Gosselin et al., 1997) . Even using this upper value, BCD: total phytoplankton production ratio would remain higher than 1 (3.7 on average).
Alternative non-exclusive organic matter sources for an excess in carbon demand are terrestrial carbon transported with the river or carbon fixed during the more productive spring season. A decoupling between production and respiration processes was already pointed out by Cottrell et al. (2006) in the Chukchi and Beaufort Seas. A previous study performed at the end of July in the Mackenzie River plume (Vallières et al., 2008) found opposite patterns to those reported in this study: while the Mackenzie River area was net heterotrophic, the coastal Beaufort Sea was autotrophic. While BP values were of the same magnitude in both studies (Table 5 ), the main difference between both, when comparing stations with the same location, was in terms of PP (Table 4) , where our values were 1 to 2 orders of magnitude lower. In fact, in our study, bacterial carbon demand ranged within the same order of magnitude, while PP varied over 4 orders of magnitude, from 0.03 to 544 mg C m −1 d −1 . Thus, the variability in autotrophic vs. heterotrophic patterns in the study region are mostly driven by differences in PP. The marked differences in PP between the works of Vallières et al. (2008) and ours may be explained by interannual variability, high in the Arctic Ocean (Kirchman et al., 2009a) , but also to seasonal variability. In our study, performed later in summer (1-27 August vs. July), PP is likely lower due to nutrient depletion and lower light availability. Also, water discharge and the associated organic matter and inorganic nutrients supply by the Mackenzie River (and other Arctic rivers) is lower in August than in July (Serreze et al., 2002; Spencer et al., 2008) .
Controlling factors of bacterial production in the coastal Beaufort Sea
It has been hypothesized that labile organic matter rather than temperature controls bacterial activity in the Arctic (Kirchman et al., 2009a, b) . Based on our multiple regression analyses we cannot rule out a driving effect of BP by temperature particularly in the upper layer. If we calculated the Q 10 in the river stations and the upper mixed layer using the slope of the regression between temperature and log-normalised growth rates (Kirchman et al., 2009b) , we would obtain a value greater than 100 (data not shown), suggesting a high sensitivity of bacterial activity to temperature. However, these high Q 10 values would look unrealistic given that previous Q 10 estimated from incubations in the Western Arctic were always lower than 10 (Kirchman et al., 2005) . We hypothesize that temperature and labile organic substrate would interact to drive BP, as postulated by Pomeroy and Wiebe (2001) . Regression analyses also showed that BP in the study area are primarily controlled by organic matter supply, and in particular by the availability of labile organic compounds, as the regressions were closer with TDAA (proxy of labile organic matter) than with the total DOC pool, particularly evident in the upper mixed layer (Table 3 ) and confirmed by partial regression coefficients calculation. This suggests that in surface waters a relatively low proportion of organic carbon in the area is labile. In fact, the concentrations of amino acids and the fraction of DOC as amino acids was low compared to other areas in the Western Arctic (Davis and Benner, 2005; Shen et al, 2012) . This is particularly important if a high proportion of organic matter comes from the river, where the amino acid yields were substantially lower (0.58 %) than in the Beaufort sea (0.82 % and 0.88 % above and below the upper mixed layer, respectively). We note the weaker relationship with PP and Chl a than with TDAA (Table 3) , which again supported the decoupling between carbon fixation and consumption processes. This is in line with the general scenario of heterotrophy, where bacteria are fueled by alternative organic matter sources such as organic carbon fixed upstream in the Mackenzie River.
The enrichment experiments pointed to a stimulation of BP by organic matter coming from the Mackenzie River only in surface waters. Nutrient enrichment experiments performed during the same cruise (Ortega-Retuerta et al., 2012) showed BP limitation by nitrogen in surface waters of the study area, while carbon limitation or no substrate limitations were observed in chlorophyll maxima waters. Therefore, the stimulation of BP by river water addition at the surface was probably due to an increase in nitrogen, with the subsequent alleviation of this limitation, rather to an increase in dissolved organic carbon. This can be calculated by the concentrations of added C and N versus the ambient concentrations. While riverine DOC added (228 µM) involved substantial (∼ 20 %) DOC increases over ambient DOC in both surface (65 µM) and Chl Max (73 µM) concentrations, river additions led to 10 % increases of total dissolved nitrate (0.13 µM), over ambient concentrations (0.01 µM) in the surface, explaining the observed stimulation in BP. Conversely, at the Chl a max, the addition yielded a decrease in nitrate of 8 % over ambient concentrations (0.62 µM), resulting in a lack of stimulation, or even a slight inhibition of BP (Fig. 6) . However, it is worth noting the high C to N ratios and low amino acid yield of Mackenzie River water, that would lead, after microbial communities uptake and consume all N provided by the river, to an accumulation of refractory organic carbon in the system that would be prone to export to from the shelf to the central Arctic basin (Davis and Benner, 2005) .
Conclusions
We can summarise our major findings in the following points. Firstly, based on in situ observations, highest BP and BA values were, unlike chlorophyll, generally situated in surface waters and the coastal area, which were mostly influenced by the Mackenzie River discharge. Secondly, we reported a situation of net heterotrophy in the coastal Beaufort Sea. Hence, bacteria in the area can be consuming organic carbon coming from sources other than photosynthesis, particularly carbon that is fixed upstream in the river, where we found the only autotrophic stations. An increase in heterotrophy in the Arctic Ocean, already observed fifteen years ago (Cota et al., 1996) is predictable under a scenario of higher terrestrial inputs due to larger river discharge. Therefore, a further accumulation of organic carbon in the system, owing to its low lability, is likely to occur. Thirdly, regression analyses highlighted a primary control of bacterial production by temperature and labile organic matter supply, represented by TDAA. Finally, the experiment results suggested that Mackenzie River waters could partially alleviate substrate limitations of bacterioplankton in surface waters of the Beaufort Sea, but an accumulation and presumably export of Riverine organic matter to other Arctic areas is to occur as a consequence of further limitation by nitrogen.
